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ABSTRACT 

Two computer  programs r e l a t i n g  t o  s p a c e c r a f t  
t h e r m a l  a n a l y s i s  have been  o b t a i n e d  from t h e  Thermophysics  
Branch of Goddard Space  F l i g h t  C e n t e r .  These programs 
have  been  rev iewed and adapted for Bellcomm computer  u s e .  
Sample problems are d e s c r i b e d  e x p l a i n i n g  t h e  u s e  of t h e  
programs.  P o s s i b l e  m o d i f i c a t i o n s  t o  i n c r e a s e  t h e  g e n e r a l  
u t i l i t y  o f  t h e  programs are  d i s c u s s e d .  

One o f  these  programs computes t h e  s u r f a c e  areas  
o f  c e r t a i n  a r b i t r a r i l y  o r i e n t e d  e l e z e n t a r y  f i g u r e s  t h a t  are  
normal  t o  a g e n e r a l  s o l a r  v e c t o r .  T h i s  program can  a l s o  
compute t h e  t o t a l  p r o j e c t e d  shadow c a s t  upon any s i n g l e  f i g -  
u r e  by a l l  o t h e r  s p e c i f i e d  f i g u r e s  w i t h i n  c e r t a i n  l i m i t s .  

The o t h e r  program computes d i r e c t  solar, p l a n e t -  
r e f l e c t e d  s o l a r ,  and p l a n e t - e m i t t e d  i n f r a r e d  f l u x e s  imping-  
i n g  on one s u r f a c e  o f  an  a r b i t r a r i l y  l o c a t e d  u n i t  area i n  
a p l a n e t  o r b i t .  The u n i t  a r e a  nay b e  i n  e i t h e r  a p l a n e t  o r  
i n e r t i a l  o r i e n t a t i o n  and may be s p i n n i n g .  
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MEMORANDUM FOR FILE 

I N T R O D U C T I O N  

An a d e q u a t e  and e f f i c i e n t  s p a c e c r a f t  t h e r m a l  d e s i g n  
r e q u i r e s  d e t a i l e d  knowledge i n  many d i s c i p l i n e s .  These re- 
q u i r e d  d i s c i p l i n e s  r ange  from m a t e r i a l s  p r o p e r t i e s  t o  p r o j e c -  
t i v e  geometry and o r b i t a l  mechanics .  The a c c u r a t e  de t e rmina -  
t i o n  of s p a c e c r a f t  i n c i d e n t  d i r e c t  and secondary  t h e r m a l  f l u x  
c o n s i d e r i n g  a g e n e r a l  o r i e n t a t i o n  and se l f - shadowing  i s  a n  
e f f o r t  of major  p r o p o r t i o n s .  

Two computer  programs which f a c i l i t a t e  d e t e r m i n a t i o n  
of  s p a c e c r a f t  i n c i d e n t  t he rma l  f l u x  have been deve loped  by t h e  
Thermophysics Branch of Goddard Space F l i g h t  C e n t e r .  These 
two computer programs have been a d a p t e d  f o r  Bellcomm computer  
u s e .  The i n t r i n s i c  c a p a b i l i t i e s  and l i m i t a t i o n s  o f  b o t h  p ro -  
grams are  d e s c r i b e d .  Sample problems i l l u s t r a t i n g  t h e  u s e  o f  
b o t h  programs are p r e s e n t e d .  

SPACECRAFT SHADOWING PROGRAM 

C a p a b i l i t i e s  

. T h i s  program computes t h e  s u r f a c e  areas normal  t o  a 
g e n e r a l  s o l a r  v e c t o r  f o r  c e r t a i n  a r b i t r a r i l y  o r i e n t e d  
g e o m e t r i c  f i g u r e s .  i n  a sys t em o f  a r b i t r a r i l y  
o r i e n t e d  nonspinning  f i g u r e s ,  t h e  program a l s o  com- 
p u t e s  t h e  t o t a l  p r o j e c t e d  shadow area c a s t  on any 
f i g u r e  b y  a l l  t h e  o t h e r  f i g u r e s  w i t h i n  c e r t a i n  l i m i t s .  

. I n  any s p a c e c r a f t  c o n f i g u r a t i o n  a maximum of  e i g h t  
s u r f a c e s  may shade  any o t h e r  s u r f a c e .  

. A s p a c e c r a f t  may be d e f i n e d  by a maximum of 5 0  f i g u r e s  
w i t h  combina t ions  o f  t h e  f o l l o w i n g  g e o m e t r i e s :  

. Convex p l a n e s  (maximum of  10 v e r t i c e s )  

. E l l i p t i c a l  or c i r c u l a r  d i s c s  (maximum o f  10) 

. Cones and c o n i c a l  f r u s t u m s  (maximum of  1 2 )  

. C i r c u l a r  c y l i n d e r s  (maximum of  1 2 )  

. Spheres  (maximum o f  1 2 )  



BELLCOMM, INC. - 2 -  

L i m i t a t i o n s  

. Skew p l a n e s  are n o t  e a s i l y  i n c o r p o r a t e d  s i n c e  coor -  
d i n a t e s  o f  v e r t i c e s  must b e  determined as i n p u t .  
(Appendix I deve lops  t h e  a n a l y s i s  f o r  skew p l a n e  
geometry ) 

. I n p u t  s o l a r  v e c t o r  a n g l e s  must be  re la ted  t o  g e n e r a l  
o r b i t a l  p a r a m e t e r s  i f  a p a r t i c u l a r  c a s e  i s  t o  be 
i n v e s t i g a t e d .  (Appendix I1 d e v e l o p s  t h i s  a n a l y s i s )  

. If more t h a n  40 i n t e r s e c t i o n  p o i n t s  o c c u r  on any 
f i g u r e ,  t h e  shaded area canno t  b e  computed. 

. S u r f a c e s  o t h e r  t h a n  t h o s e  l i s t e d  c a n  n o t  b e  c o n s i d e r -  
e d  or must b e  approximated  b y  combina t ions  o f  l i s t e d  
f i g u r e s .  

D i s c u s s i o n  

The shadowing program i s  based upon t h e  a n a l y s i s  i n  
Reference  1. An a r b i t r a r y  s p a c e c r a f t  c o o r d i n a t e  s y s t e m  X , Y  ,Z 
i s  d e f i n e d  and t h e  s o l a r  v e c t o r  i s  r e l a t e d  t o  t h e  s p a c e c r a f t  by 
t h e  a n g l e s  v and A .  The X , Y , Z  sys t em i s  r o t a t e d  t h r o u g h  an  a n g l e  
A t h u s  p o s i t i o n i n g  t h e  X1-axis c o i n c i d e n t  w i t h  t h e  s o l a r  v e c t o r .  
The new c o o r d i n a t e  s y s t e m ' s  Y l - Z '  p l a n e  i s  normal  t o  t h e  s o l a r  
v e c t o r .  The r e s u l t a n t  t r a n s f o r m a t i o n  m a t r i x *  ( e q u a t i o n  1 0 ,  
Re fe rence  1) i s  shown below.  F i g u r e  I shows t h e ' a n g l e s .  

cvsh svs  x 9:) ' 
(fl) = [ SA SA (1) 

-C A - 

-cvsAcA 2 -svcvs x 
S A  

s a  J 
SA 

*A much s i m p l e r  t r a n s f o r m a t i o n  i s  o b t a i n e d  b y  f i r s t  per form-  
i n g  a p o s i t i v e  r o t a t i o n  v about  t h e  Z-axis f o l l o w e d  b y  a n e g a t i v e  
r o t a t i o n  (90-A) abou t  t h e  Y-axis. These two r o t a t i o n s  y i e l d  t h e  
t r a n s f o r m a t i o n  m a t r i x .  

svs A C A' 

[$) =[:::A -cvcx -SVCA c v  SA O Jiri ' 
The d i f f e r e n c e  between t r a n s f o r m a t i o n  m a t r i c e s  (1) and ( 2 )  i s  t h e  
a n g u l a r  p o s i t i o n  of  t h e  Y*-Z8 axes  r e l a t i v e  t o  t h e  Y 1 - Z 1  a x e s .  
By c o n s i d e r i n g  e i t h e r  t h e  Y '  and Y* or Z '  and Z* a x e s ,  t h e  a n g l e  

be tween these r e s p e c t i v e  pa i r s  of axes  i s  s e e n  to b e  cos''(- ?). C V C A  
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, *  
2 2 2  F i g u r e  1 shows t h e  s o l a r  v e c t o r  a n g l e s , w h e r e  SA = A + s vs X 

Transformed c o o r d i n a t e s  o f  a p l a n e  s u r f a c e  are  computed 
b y  u s e  of (1). The area i n  t h e  Y r - Z t  p l a n e  i s  t h e  area normal  
t o  t h e  s o l a r  v e c t o r .  T h i s  a r e a  i s  de te rmined  b y  d i v i d i n g  t h e  
polygon i n t o  t r i a n g l e s  h a v i n g  a common v e r t e x  a t  t h e  po lygon  
c e n t r o i d  and summing t h e  a r e a s  o f  a l l  r e s u l t a n t  t r i a n g l e s .  

The area o f  one  s u r f a c e  shaded by a n o t h e r  i s  de te r -  
mined i n  t h e  Y'-Z' p l a n e  by c o n s i d e r a t i o n  o f  i n t e r i o r  v e r t i c e s  
and v e r t i c e s  formed b y  i n t e r s e c t i o n s  o f  s t r a i g h t  l i n e  segments  
or' d i f f e r e n t  s u r f a c e s .  A t  a v e r t e x  formed b y  t h e  i n t e r s e c t i o n  
o f  two d i f f e r e n t  p r o j e c t e d  p e r i m e t e r s  i n  t h e  Y'-Z' p l a n e ,  t h e  
g rea t e r  X' c o o r d i n a t e  d e t e r m i n e s  which s u r f a c e  shades t h e  o t h e r .  
The n e t  shaded area o f  s e v e r a l  m u t u a l l y  o v e r l a p p i n g  s u r f a c e s  i s  
d e t e r m i n e d  b y  an e l e g a n t  a p p l i c a t i o n  o f  c o m b i n a t o r i a l  a n a l y s i s .  

C y l i n d e r s  and cones a r e  approximated  b y  32 - s ided  
po lygons  and a n o t h e r  c o o r d i n a t e  s y s t e m  i s  u t i l i z e d  f o r  t h e i r  
axes o f  symmet ry .  P r o j e c t e d  areas o f  c y l i n d e r s  and cones  
computed b y  t h e  program i n c l u d e  end areas. 

Shadowing Program Sample Problem 

To i l l u s t r a t e  program u s e ,  a s i m p l e  example i s  used  
which c o n s i s t s  o f  a c y l i n d r i c a l  body, two t r a n s v e r s e  r e c t a n g u l a r  
p a n e l s  r e p r e s e n t i n g  s o l a r  a r r a y s ,  and a t r a n s v e r s e  c o n i c a l  f r u s t u m  
module.  The model w i t h  r e q u i r e d  c o o r d i n a t e s  i s  shown i n  F i g u r e  1. 
For  t h e  convenience  of  working w i t h  a l l  p o s i t i v e  c o o r d i n a t e s ,  t h e  
c y l i n d e r  a x i s  i s  t a k e n  a t  t h e  l i n e  ( 5 0 , 5 0 , Z )  i n  t he  f i r s t  o c t a n t .  

For t h i s  problem t h e  s o l a r  a n g l e  u i s  f i x e d  a t  45" and 
t h e  o t h e r  s o l a r  a n g l e ,  A i s  v a r i e d  between 15" and 75".  The 
p r o j e c t e d  unshaded area normal t o  t h e  s o l a r  v e c t o r  as a f u n c t i o n  
o f  A f o r  each  o f  t h e  components i s  shown i n  F i g u r e  2 .  Because 
o f  t h e  s o l a r  v e c t o r  a n g l e s  s e l e c t e d ,  p l a n e  I1 and c o n i c a l  f r u s t u m  
I V  r e c e i v e  no s h a d i n g .  C y l i n d e r  I11 and p l a n e  I are b o t h  shaded 
b y  one  o r  more o f  t h e  o t h e r  s u r f a c e s .  T a b l e  I shows t h e  shaded 
areas and s h a d i n g  f i g u r e s  as f u n c t i o n s  o f  t h e  s e l e c t e d  s o l a r  
a n g l e s .  Q u a n t i t i e s  i n  p a r e n t h e s i s  are p e r c e n t a g e s  of  t o t a l  
p r o j e c t e d  areas which are shaded.  

To a l l o w  t h e  computer t o  d i s t i n g u i s h  p o s i t i v e l y  between 
f i g u r e s ,  f i n i t e  s p a c i n g  between model e l e m e n t s  i s  r e q u i r e d .  I n  
t h e  sample problem a s p a c i n g  o f  one u n i t  i s  u s e d  be tween t h e  
three e l e m e n t s  which are a t t a c h e d  t o  t h e  c y l i n d e r .  

"The n o t a t i o n  s ( )  and c ( >  is used  f o r  s i n  ( )  and c o s ( )  



F 

v = 450 
x I 

15 
30 
45 
60 
75 

BELLCOMM, INC.  

Shading  
F i g u r e  ( s  ) 

PLANE I 

111, IV 14.8 (11.5) 
111, IV 1 2 2 . 6  (49.3) 
111, IV 147.9 (42.0) 
I11 47.9 (11.1) 
I11 53.4 (11.1) 
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TABLE I 

SOLAR 
ANGLES PROJECTED AREA SHADED, F T ~  ( %  SHADED AREA) 

Shad ing  
F i g u r e  ( s ) 

CYLINDER I11 

11, IV 63.6 (8 . O )  

11, IV 86.3 (7 - 5 )  
11, IV 1 0 5 . 0  ( 7 , 3 )  

118.0 ( 7 . 3 )  11, IV 
11, IV 124.5 (7.4) 

Appendix I11 shows t h e  r e q u i r e d  computer i n p u t  f o r m a t  
f o r  t h e  shadowing program and t h e  cod ing  sheet f o r  X = 15" and 
30' i n  t he  sample problem. 

SOLAR FLUX PROGRAM 

C a n a b i l i t i e s  

. Determines i n c i d e n t  d i r e c t  s o l a r  r a d i a t i o n ,  p l a n e t  
r e f l e c t e d  s o l a r  r a d i a t i o n  ( a l b e d o ) ,  and p l a n e t  emi t t ed  
i n f r a r e d  r a d i a t i o n  on one s u r f a c e  o f  an a r b i t r a r i l y  
o r i e n t e d  u n i t  area i n  a g e n e r a l  o r b i t  abou t  a p l a n e t .  

. Unit  area s u r f a c e  may have any i n e r t i a l  or p l a n e t  o r i e n t a -  
t i o n  and may b e  s p i n n i n g  abou t  any a x i s  a t  a h igh  ra te .  

. Computes o r b i t a l  a n g l e s ,  times and  r a d i u s  v e c t o r s  f o r  e n t r y  
and e x i t  from shadow zone .  

. Any p l a n e t  may be  i n p u t  w i t h  a p p r o p r i a t e  c o n s t a n t s  
( r a d i u s ,  maximum and minimum t e m p e r a t u r e s ,  a l b e d o ,  solar 
c o n s t a n t ,  and grav i ty  c o n s t a n t ) .  C o n s t a n t s  f o r  ear th  
and moon are programmed. 

model) or a c o s i n e  v a r y i n g  t e m p e r a t u r e  w i t h  a maximum 
a t  s u b s o l a r  p o i n t  and minimum a t  t e r m i n a t o r  and shadowed 
hemisphere (moon mode l ) ,  

. P l a n e t  may have e i t h e r  a c o n s t a n t  t e m p e r a t u r e  ( ea r th  
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. Computes r a d i u s  v e c t o r  f rom occup ied  f o c u s  t o  o r b i t a l  
p o s i t i o n  and t i m e  of  f l i g h t  from per igee .  

. A b lockage  f a c t o r *  t a b l e  (unshaded  p r o j e c t e d  a r e a / t o t a l  
p r o j e c t e d  area)  as a f u n c t i o n  o f  t h e  two s o l a r  a n g l e s * *  
may b e  de t e rmined  f r o m  t h e  shadowing program. 
t a b l e  i s  i n p u t  i n t o  t he  f l u x  program. 
b lockage  f a c t o r  f o r  a p a r t i c u l a r  s o l a r  o r i e n t a t i o n  i s  
d e t e r m i n e d  by  d o u b l e  l i n e a r  i n t e r p o l a t i o n  and i s  u t i l i z e d  
i n  t h e  computa t ions .  

T h i s  
The a p p r o p r i a t e  

L i m i t a t i o n s  

. Only p l a n a r  geometry can  b e  hand led  d i r e c t l y .  O the r  

. The umbra shadow i s  c o n s i d e r e d  as a c i r c u l a r  c y l i n d e r  

f i g u r e s  must b e  approximated by  p l a n e s .  

r a the r  t h a n  a cone .  S i n c e  t h e  c o n i c a l  shadow i n c l u d e d  
a n g l e  i s  approx ima te ly  0 . 5 O ,  n e g l i g i b l e  e r r o r  i s  i n -  
t r o d u c e d  f o r  e a r t h  o r b i t s  up to synchronous  a l t i t u d e s .  

. Penumbra e f f e c t s  are  n o t  c o n s i d e r e d .  

. S o l a r  v e c t o r  a n g l e s  must b e  r e l a t e d  t o  g e n e r a l  o r b i t a l  
parameters if a p a r t i c u l a r  c a s e  i s  to be  i n v e s t i g a t e d .  
(Appendix I1 develops  t h e  a n a l y s i s )  

. Program s p i n  c a p a b i l i t y  i s  o n l y  d i r e c t l y  a p p l i c a b l e  t o  
p a n e l  s p i n  rates much grea te r  t h a n  t h e  o r b i t a l  a n g u l a r  
v e l o c i t y .  For low s p i n  ra tes  ( $  o r b i t a l  a n g u l a r  
v e l o c i t y ) ,  t h e  i n p u t  o r b i t a l  a n g u l a r  and p a n e l  r o t a -  
t i o n a l  a n g u l a r  i nc remen t s  may be  s e l e c t e d  t o  y i e l d  t he  
r e q u i r e d  data.  T h i s  p r o c e d u r e ,  which i s  d i s c u s s e d  l a t e r ,  
r e q u i r e s  e x c e s s i v e  o u t p u t  g e n e r a t i o n  and t e d i o u s  manual 
data r ev iew.  

D i s  cus  s i  on 

The s o l a r  f l u x  program i s  deve loped  from t h e  a n a l y s i s  

D i r e c t  s o l a r  f l u x  i n c i d e n t  on t h e  p a n e l  i s  de te rmined  

i n  Reference  2 ,  which c o n s i d e r s  o n l y  i n e r t i a l  p a n e l  o r i e n t a t i o n s .  

f rom t h e  d o t  p r o d u c t  o f  t h e  s o l a r  and p a n e l  u n i t  normal  v e c t o r s .  
To d e t e r m i n e  p l a n e t  emitted I R  f l u x ,  t h e  a n a l y s i s  
t h e  ear th  i s  a 450°R d i f f u s e l y  e m i t t i n g  s p h e r i c a l  b l a c k  body. 

assumes tha t  

*GSFC t e rmino logy ,  i n  r e a l i t y  an "unblocked" f a c t o r .  

* * v  and X from page 2 .  
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The v i s i b l e  s p h e r i c a l  segment of t h e  e a r t h  " seen"  by t h e  p a n e l  
i s  d i v i d e d  i n t o  a d e s i r e d  number of nodes and t h e  program i n -  
t egra tes  t h e  i n c i d e n t  I R  f l u x  f rom a l l  nodes ( E q u a t i o n  1 4 ,  
Re fe rence  2 ) .  Accuracy may b e  v a r i e d  i n  t h e  program by an  appro-  
p r i a t e  c h o i c e  o f  t h e  number nodes .  The a l b e d o  f l u x  c a l c u l a t i o n  
i s  per formed i n  a manner s imilar  to t h e  e a r t h  I R  f l u x  d e t e r m i n a -  
t i o n .  The geometry f a c t o r  f o r  a l b e d o  r a d i a t i o n  i s  e q u a l  t o  t h e  
e a r t h  e m i t t e d  I R  f a c t o r  w i t h  i n c l u s i o n  o f  t h e  c o s i n e  o f  t h e  angle 
between t h e  l o c a l  e a r t h  normal and s o l a r  v e c t o r .  The a l b e d o  v iew 
factor must a l s o  c o n s i d e r  on ly  unshadowed p o r t i o n s  o f  t h e  ea r th ' s  
s u r f a c e .  Fo r  p l a n e t  r e f l e c t e d  r a d i a t i o n ,  a n  a p p r o x i m a t e  mean 
a l b e d o  i s  used  ( 0 . 3 5  and 0 . 0 7  are t h e  r e s p e c t i v e  programed e a r t h  
and moon v a l u e s ) .  

Program i n p u t  r e q u i r e s  a n g u l a r  s p e c i f i c a t i o n  o f  t h ree  
v e c t o r s ;  s o l a r ,  s p i n  ax i s ,  and s u r f a c e  normal  a t  p e r i g e e  cond i -  
t i o n s .  The c o o r d i n a t e  sys tem used  i n  t h e  program for t h e  s u r -  
f a c e  normal  i s  d i f f e r e n t  from t h a t  shown I n  Reference 2 .  T.L. 1 1 1 ~  ,-. 
t h r e e  r e q u i r e d  v e c t o r s  and t h e i r  a s s o c i a t e d  c o o r d i n a t e  sys t ems  
are shown .in F i g u r e  3 .  The X , Y , Z  c o o r d i n a t e  s y s t e m  i s  re fer red  
to o r b i t a l  c o n d i t i o n s  and i s  f i x e d  a t  t h e  p e r i g e e .  T h e  X-Y 
p l a n e  i s  i n  t h e  o r b i t a l  p l a n e  and the  p o s i t i v e  X d i r e c t i o n  i s  
a l o n g  t h e  l i n e  from t h e  p l a n e t  to t h e  p e r i g e e .  D i r e c t i o n  of 
p a n e l  movement i n  t h e  o r b i t  f i x e s  t h e  p o s i t i v e  Y - d i r e c t i o n .  The 
s u n  p o i n t i n g  solar v e c t o r  i s  s p e c i f i e d  r e l a t i v e  t o  t h e  X , Y , Z ,  
o r b i t a l  sys t em w i t h  a n g l e s  v and A .  T h i s  s o l a r  v e c t o r  s p e c i f i c a -  
t i o n  i s  d i f f e r e n t  f rom t h a t  of t h e  shadowing program where t h e  
a n g l e s  are measured from a s p a c e c r a f t  c o o r d i n a t e  sys t em.  

The s p i n  a x i s  coord i r?a te  s y s t e m  XTP, YTP,ZTP i s  a l s o  
s p e c i f i e d  r e l a t i v e  t o  t h e  X , Y , Z  sys tem.  ZTP i s  t h e  s p i n  a x i s  
and i s  l o c a t e d  w i t h  two a n g l e s  1 . 1 ~  and 6 z .  

%he XTP-axis i n  t h e  X-Y p l a n e  i s  s p e c i f i e d  by t h e  a n g l e  C; 

i s  90° o r  2 7 0 ° ,  an ang le  1.1 must b e  used  t o  f i x  t h e  

r o t a t i o n a l  p o s i t i o n  of t h e  XTP-YTP p l a n e  from t h e  Z a x i s .  

The p r o j e c t i o n  of 

X '  
X If Dz 

The p a n e l  normal  a x i s  i s  l o c a t e d  r e l a t i v e  to t h e  s p i n  
a x i s  c o o r d i n a t e  sys t em r a the r  t h a n  t h e  o r b i t a l  c o o r d i n a t e  s y s t e m .  
Angles  B and y s p e c i f y  t h e  p a n e l  normal ax is  r e l a t i v e  to s p i n  
a x i s  c o o r d i n a t e  sys t em.  F o r  a nonsp inn ing  p a n e l  t h e  a n g l e s  s p e c i f y -  
i n g  t h e  s p i n  c o o r d i n a t e  sys tem and t h e  number o f  s p i n  a x i s  i n -  
c r emen t s  are i n p u t  as z e r o .  With a n o n s p i n n i n g  c o n f i g u r a t i o n  t h e  
c o o r d i n a t e s  B and y a r e  re fe r red  d i r e c t l y  t o  t h e  o r b i t a l  p l a n e  
c o o r d i n a t e  sys t em.  

Thermal F lux  Sample Problem I 

To i l l u s t r a t e  u s e  of  t h e  t h e r m a l  f l u x  program, t h e  
u n i t  area p l a n e  i s  c o n s i d e r e d  i n  a c i r c u l a r  e a r t h  o r b i t  w i t h  
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an  i n e r t i a l  o r i e n t a t i o n  normal  t o  t h e  s u n  l i n e .  To ass i s t  i n  
g e o m e t r i c  v i s u a l i z a t i o n ,  t h e  sun i s  c o n s i d e r e d  i n  t h e  o r b i t a l  
p l a n e ,  t h u s  y i e l d i n g  t h e  minimum s u n l i g h t  t i m e  f o r  a g i v e n  o r b i t .  
I n c r e a s i n g  t h e  a n g l e  between t h e  o r b i t a l  p l a n e  and s u n  l i n e  c a u s e s  
the  in-shadow t r a v e l  time t o  d e c r e a s e .  Because of  t h e  p l a n e ' s  
i n e r t i a l  o r i e n t a t i o n ,  t h e  s u n  f a c i n g  s u r f a c e  r e c e i v e s  a d i r e c t  so -  
l a r  f l u x  of' 440  B t u / h r - f t  f o r  t h e  t o t a l  nonshadowed t r a v e l  t i m e .  
The p l a n e  s u r f a c e  away from t h e  s u n  o f  c o u r s e  r e c e i v e s  no d i r e c t  
s o l a r  f l u x .  

2 

Ear th  r e f l e c t e d  solar r a d i a t i o n  ( a l b e d o )  and ea r th  
e m i t t e d  I R  a re  f u n c t i o n s  of o r b i t a l  a l t i t u d e  ( b o t h  d i m i n i s h  w i t h  
i n c r e a s i n g  a l t i t u d e )  and s u r f a c e  o r i e n t a t i o n .  Albedo f l u x ,  l i k e  
s o l a r  f l u x ,  i s  z e r o  i n  t h e  shadow zone.  Fo r  a 230  NM c i r c u l a r  
o r b i t  a l t i t u d e  w i t h  t h e  sun  i n  t h e  o r b i t a l  p l a n e  ( v  = O o ,  X = g o " ) ,  
t h e  a l b e d o  and e a r t h  I R  f l u x  were computed f o r  b o t h  t h e  l i g h t  
( B  = O o ,  y = 90") and da rk  ( B  = 180, y = 90") p a n e l  s u r f a c e s .  
F i g u r e  4 shows these  f l u x e s  as  a f u n c t i o n  o f  i n - o r b i t  a n g u l a r  p o s i -  
t i o n  from t h e  s u b s o l a r  p o i n t .  Maximum a l b e d o  and e a r t h  e m i t t e d  
I R  b o t h  o c c u r  on t h e  dark pane l  s i d e  a t  t h e  o r b i t a l  noon p o s i t i o n .  
A t  t h i s  p o i n t ,  t h e  p a n e l  i s  normal t o  t h e  l o c a l  v e r t i c a l  and t h e  
maximum p a n e l  to e a r t h  view f a c t o r  e x i s t s .  I n  t h e  shadow zone ,  
maximum ea r th  emi t ted  I R  occu r s  on t h e  l i g h t  s u r f a c e  when i t  i s  
180" away from t h e  o r b i t a l  noon p o s i t i o n . .  The e a r t h  emi t t ed  I R  
c u r v e s  f o r  t h e  d a r k  and l i g h t  p a n e l  s i d e s  are s e e n  t o  b e  i d e n -  
t i c a l  e x c e p t  f o r  180°  o f  a n g u l a r  d i s p l a c e m e n t .  

A s  a consequence o f  t h e  s imple  e a r t h  model u s e d ,  e a r t h  
emi t t ed  I R  i s  independen t  o f  b o t h  t h e  s u n ' s  p o s i t i o n  and t h e  
p a r t i c u l a r  area o f  t h e  e a r t h  viewed b y  t n e  p a n e l .  The magni tude  
c f  ear th  e m i t t e d  I R  i s  dependent on ly  upon p a n e l  o r i e n t a t i o n  
r e l a t i v e  t o  ea r th  and a l t i t u d e .  With an i n e r t i a l  o r i e n t a t i o n ,  
t h e  v i e w  f a c t o r  changes as a f u n c t i o n  of  i n - o r b i t  p o s i t i o n .  With 
a p l a n e t  o r i e n t a t i o n  the  e a r t h  emi t t ed  I R  view f a c t o r  for a p l a n e  
remains  c o n s t a n t  i n  a c i r c u l a r  o r b i t .  

If t h e  " seen"  p o r t i o n  o f  t h e  e a r t h ' s  s u r f a c e  does  n o t  
i n c l u d e  a shadowed a rea ,  t h e  a lbedo  f l u x  on t h e  i n e r t i a l l y  o r i e n t -  
ed p a n e l  i s  p r o p o r t i o n a l  t o  t h e  c o s i n e  o f  t h e  i n - o r b i t  a n g l e  f rom 
the  e a r t h - s u n  l i n e .  Maximum a lbedo f l u x  o c c u r s  on t h e  p a n e l  d a r k  
s u r f a c e  a t  t h e  o r b i t a l  noon p o s i t i o n .  

Thermal F l u x  SamDle Problem I1 

C o n s i d e r  a u n i t  a r e a  s u r f a c e  i n  an e a r t h  o r i e n t e d  
230 NM c i r c u l a r  o r b i t  w i t h  t h e  p a n e l  normal m a i n t a i n e d  i n  t h e  
l o c a l  h o r i z o n t a l  d i r e c t i o n .  T h i s  sample problem d e t e r m i n e s  t h e  
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t h r e e  thermal  f l u x e s  i n c i d e n t  upon one s u r f a c e  of a n o n s p i n n i n g  
u n i t  area.  

For  v i s u a l i z a t i o n  s i m p l i c i t y  t h e  s o l a r  v e c t o r  i s  a g a i n  
c o n s i d e r e d  i n  t h e  o r b i t a l  p l a n e .  S u r f a c e  o r i e n t a t i o n  i s  s e l e c t -  
ed s o  t h a t  normal  d i r e c t  s o l a r  impingement o c c u r s  a f t e r  270' of 
o r b i t a l  t r a v e l  from o r b i t a l  noon ( B  and y = 90'). With t h i s  
o r i e n t a t i o n  t h e  s p e c i f i e d  s u r f a c e  r e c e i v e s  no d i r e c t  s o l a r  radia- 
t i o n  i n  t r a v e l i n g  from t h e  s u b s o l a r  p o i n t  t o  j u s t  b e f o r e  emergence 
from t h e  shadow zone (249.6' of t r a v e l ) .  Upon emergence from 
t h e  shadow zone,  t h e  s u r f a c e  r e c e i v e s  i n c r e a s i n g  s o l a r  f l u x  t o  
a maximum a t  270' of  a n g u l a r  t r a v e l .  With t h i s  p a n e l  o r i e n t a t i o n  
t h e  f l u x  impingement expe r i enced  i s  a c o s i n e  f u n c t i o n  w i t h  z e r o  
magnitude a t  t h e  s u b s o l a r  p o i n t .  F i g u r e  5 shows t h e  t h r e e  t h e r -  
mal f l u x e s  f o r  an e a r t h  o r i e n t e d  p l a n e  s u r f a c e  as a f u n c t i o n  of 
a n g u l a r  p o s i t i o n . *  

Cons tan t  o r b i t s 1  a l t i t :dde  2nd s 7 ~ r f z ~ e  =picnta t i=f i  y i e l d  
an  ea r th  e m i t t e d  I R  p a n e l - e a r t h  view f a c t o r  which i s  independen t  
o f  i n - o r b i t  a n g u l a r  p o s i t i o n .  T h i s  o r i e n t a t i o n  r e s u l t s  i n  a n  
i n c i d e n t  c o n s t a n t  ea r th  e m i t t e d  I R  f l u x  of 2 0 . 2  B t u / h r - f t 2  on  t h e  
p a n e l  s u r f a c e .  

For a l b e d o  f l u x ,  t h e  p a n e l - e a r t h  view f a c t o r  w i l l  
change w i t h  p a n e l  a n g u l a r  p o s i t i o n  i n  t h e  o r b i t .  T h i s  changing  
view f a c t o r  i s  a consequence o f  t h e  s u r f a c e  " s e e i n g "  shadowed 
and unshadowed p o r t i o n s  o f  t h e  e a r t h ' s  s u r f a c e .  Maximum a l b e d o  
f l u x  i n  t h e  s e l e c t e d  p l a n e t  o r i e n t a t i o n  o c c u r s  upon p a s s a g e  
t h r o u g h  t h e  e a r t h - s u n  l i n e  where t h e  c o s i n e  e f f e c t  i s  a b s e n t .  
Albedo f l u x  i s  z e r o  d u r i n g  o r b i t a l  t r a v e l  i n  t h e  shadow zone .  

Appendix I V  shows the r e q u i r e d  computer i n p u t  fo rma t  
for t h e  thermal  f l u x  program. 

C y l i n d e r  and C o n i c a l  Approximations and Low S p i n  Rates 

If a c y l i n d r i c a l  or c o n i c a l  s u r f a c e  i s  t o  be c o n s i d e r e d  
i n  a p a r t i c u l a r  o r b i t  w i t h  t h i s  program, i t  must b e  approximated  
by a p o l y g o n a l  c y l i n d e r  o r  a n-s ided  r i g h t  r e c t a n g u l a r  p y r a m i d .  
Use o f  t h e  program's  s p i n  c a p a b i l i t y  a l l o w s  a polygon approx-  
i m a t i o n  t o  b e  i n p u t  v e r y  s imply .  The f i g u r e ' s  l o n g i t u d i n a l  
a x i s  i s  i n p u t  as t h e  s p i n  a x i s .  The d e s i r e d  number o f  a n g u l a r  
i n c r e m e n t s  around t h e  s p i n  a x i s  (number o f  po lygon s i d e s )  and 
t h e  a n g u l a r  s p e c i f i c a t i o n  o f  one of t h e  f i g u r e ' s  sides are a l s o  
i n p u t .  One 360' p a n e l  r o t a t i o n  i s  per formed by t h e  program a t  
e a c h  s e l e c t e d  o r b i t a l  a n g u l a r  i n c r e m e n t .  The t h r e e  t h e r m a l  f l u x e s  

*For t h e  o t h e r  panel s u r f a c e  s imply  c o n s i d e r  t h e  a n g u l a r  
p o s i t i o n  t o  b e  measured from t h e  r i g h t  r a t h e r  t h a n  l e f t  i n  F i g .  5 
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on one s ide  o f  t h e  s p i n n i n g  s u r f a c e  are  ave raged  b o t h  a t  e a c h  
o r b i t a l  a n g u l a r  i nc remen t  and  o v e r  t h e  e n t i r e  o r b i t ,  c o n s i d e r -  
i n g  shadowing.  The program uses  100  s p i n  i n c r e m e n t s  f o r  t h e  
s o l a r  f l u x  w i t h  any s p i n  ax is  a n g u l a r  i nc remen t  i n p u t  < l o o .  

To e v a l u a t e  t he  e f f e c t  o f  number o f  c y l i n d e r  po lygon  
s ides  s e v e r a l  c a s e s  were c o n s i d e r e d  w i t h  b o t h  8 and 1 0 0  s u r f a c e s .  
A n o n r o l l i n g  c y l i n d e r  was c o n s i d e r e d  i n  a 230 NM c i r c u l a r  o r b i t  
w i t h  b o t h  g r a v i t y - g r a d i e n t  ( G G )  and p e r p e n d i c u l a r  t o  o r b i t a l  
p l a n e  (POP) o r i e n t a t i o n s .  For a n g l e s  between t h e  s u n  l i n e  and 
o r b i t a l  p l a n e  o f  0' and 53', the  a v e r a g e  d i r e c t  solar f l u x  i n c i d e n t  
uDon t h e c y l i n d e r  l a t e r a l  s u r f a c e  was computed. Fo r  8 and LOO faces,  
t h e  d i r e c t  s o l a r  f l u x  a c t i n g  on each  f a c e  was de te rmined  a t  e a c h  15" 
of o r b i t a l  t r a v e l  and averaged  o v e r  t h e  o r b i t .  The o v e r a l l  av- 
erage f l u x  was de te rmined  from t h e  mean o f  t h e  f l u x e s  i n c i d e n t  
upon t h e  r e s p e c t i v e  c y l i n d e r  s ides .  The maximum e r r o r  i n  d i r e c t  
solar a v e r a g e  f l u x  induced  by c o n s i d e r i n g  8 s i d e s  i n  comparison 
w i t h  100  s ides  f o r  the cases l i s t e d  i s  -5.2% arid OCCUTS - - 2 L ' -  W L U  a 
G G  o r i e n t a t i o n  and a 53' s u n  a n g l e .  For t h e  o t h e r  c a s e s  t h e  
r e s u l t a n t  e r r o r  i s  <1%. 

To e v a l u a t e  i n c i d e n t  f l u x  on a p a n e l  w i t h  a low s p i n  
r a t e ,  a s e l e c t i v e  p r o c e d u r e  m u s t  b e  u t i l i z e d .  
are  t h e  des i r ed  o r b i t a l  and p a n e l  s p i n  ra tes ,  SK = CSa, where 
C i s  a n  i n t e g e r  or t h e  r e c i p r o c a l  o f  a n  i n t e g e r .  I f  m i s  t h e  
number o f  o r b i t a l  a n g u l a r  i n c r e m e n t s ,  t h e  o r b i t a l  a n g u l a r  i n -  
crement  i s  Aa = 360/m. The number o f  s p i n  a n g l e  a n g u l a r  i n -  
c r emen t s  i s  n = 360/CAcr. The program r e q u i r e s  t h a t  i n p u t  v a r -  
i ab l e s  m and n be s p e c i f i e d  a s  even  i n t e g e r s , t h u s  r e s t r i c t i n g  t h e  
p o s s i b l e  v a l u e  o f  C .  

If S and SK a 

I n p u t  s p e c i f i c a t i o n  o f  t h e  p a n e l ' s  normal  and s p i n  
a x e s  a t  per igee  a r e  r e q u i r e d .  For c i r c u l a r  o r b i t s  t h e  o r b i t a l  
noon i s  t h e  most conven ien t  r e f e r e n c e  p o s i t i o n .  The program i s  
d e s i g n e d  s o  t h a t  s p i n  inc remen t s  a t  each  o r b i t a l  i nc remen t  
commence from t h e  i n i t i a l  s u r f a c e  o r i e n t a t i o n .  The o u t p u t  fo rma t  
w i l l  y i e l d  n se t s  of thermal f l u x  data  f o r  each  o r b i t a l  a n g l e  p o s i -  
t i o n .  
kth row o f  thermal data i s  u t i l i z e d .  
t i o n  t h e  i n c i d e n t  thermal  f l u x  on  a p a n e l  as a f u n c t i o n  o f  o r -  
b i t a l  p o s i t i o n  i s  t h u s  de t e rmined .  Only l / n  of t h e  o u t p u t  i s  
u t i l i z e d  w i t h  t h i s  p r o c e d u r e .  

For t h e  kth a n g u l a r  increment  i n  a p a r t i c u l a r  o r b i t ,  t h e  
By a p p r o p r i a t e  data selec-  
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There i s  c u r r e n t  i n t e r e s t  i n  t he  AAP Program i n  t h e  
POP and GG s p a c e c r a f t  o r i e n t a t i o n s  w i t h  a c o n t r o l l e d  space -  
c r a f t  r o l l  r a t e  e q u a l  t o  the o r b i t a l  a n g u l a r  r a t e .  T h i s  
o r i e n t a t i o n  f o r  t h e  POP mode i s  s imply  i n p u t  as an  i n e r t i a l  
c a s e *  w i t h  t h e  s p i n  a x i s  c o i n c i d e n t  w i t h  t h e  Z-axis .  The 
p r o c e d u r e  f o r  o b t a i n i n g  b o t h  t h e  f l u x  on t h e  i n d i v i d u a l  po lygon  
s ides  and t h e  a v e r a g e  f l u x  i s  as d e s c r i b e d  above .  

The G G  o r i e n t a t i o n  wi th  a roll r a t e  e q u a l  t o  t h e  
o r b i t a l  r a t e  i s  a more i n v o l v e d  problem and can  b e  hand led  i n  
a manner ana logous  t o  t h e  low s p i n  r a t e  p a n e l .  The c y l i n d e r  
a x i s  a t  t h e  p e r i g e e  i s  i n p u t  a s  t h e  s p i n  a x i s  6 = 0, vz = 9 0 ,  z 

= 0 and p x  = 1 8 0 ) .  The number o f  o r b i t a l  a n g u l a r  i n c r e m e n t s  
& X  
i s  s e l e c t e d  e q u a l  t o  t h e  number o f  po lygon  s i d e s ,  N ,  d e s i r e d  
and a n  e q u a l  number o f  s p i n  a n g l e  i n c r e m e n t s  are i n p u t .  The 
s u r f a c e  normals  for e a c h  s i d e  are i n p u t  ( B  = 0 ,  y = g o ) ,  
( 9  = 3 6 0 / ~ ,  = 90) , . . .  ( B  = ( ~ - 1 ) 3 5 0 ! ~ ,  -{ = 900).  he resc l t ;an t ;  
o u t p u t  f o r  each  o r b i t a l  a n g u l a r  increment f o r  e a c h  se t  o f  c o r -  
i-esponding normal  a n g l e s  ( B , y )  will c o n t a i n  N rows o f  thermal 
data c o r r e s p o n d i n g  t o  t h e  N polygon s i d e s .  The o n l y  data  f rom 
e a c h  r u n  which i s  a p p r o p r i a t e  f o r  t h i s  problem, however,  i s  f o r  
t h e  c o n d i t i o n  a = B .  

(NLk) always c o r r e s p o n d s  t o  t h e  kth polygon s i d e .  Averaging  t h e  
r e s p e c t i v e  thermal f l u x e s  i n c i d e n t  upon c o r r e s p o n d i n g  polygon 
s ides  y i e l d s  t he  d e s i r e d  data .  The program has been  e d i t e d  t o  
e l i m i n a t e  e x t r a n e o u s  data computa t ion  and p r i n t o u t  f o r  t h i s  t y p e  
of problem.  For normal  problems t h e  program i s  unchanged. 

Fo r  any s e t  o f  data a = B ,  t h e  kth row 

T a b l e  I1 shows thermal data  f o r  d i f f e r e n t  o r b i t a l  
o r i e n t a t i o n s ,  s u n  a n g l e s ,  and w i t h  and w i t h o u t  r o l l  f o r  t h e  
l a t e r a l  s u r f a c e  of a 8 - s ided  p o l y g o n a l  c y l i n d e r .  Symmetry o f  
t h e  d i r e c t  s o l a r  and a l b e d o  f l u x  v a r i a t i o n  a round t h e  polygon 
p e r i m e t e r  i s  a p p a r e n t .  The  polygon f a c e s  are numbered i n  a 
coun te r - c lockwise  d i r e c t i o n  w i t h  t h e  number one f a c e  r e c e i v i n g  
most d i r e c t  s o l a r  impingement a t  t h e  noon p o s i t i o n .  For t he  
GG o r i e n t a t i o n  w i t h  no roll ( B  = O), s ides  1 and 5 are normal  
t o  t h e  o r b i t a l  p l a n e ' s  normal and t h u s  r e c e i v e  no d i r e c t  so la r  
f l u x .  

Thermal F l u x  Sample Problem I11 

The a l b e d o  and e a r t h  emi t t ed  I R  f l u x  on an  AAP CM-SM 
module i n  an  i n e r t i a l  o r i e n t a t i o n  are  o f  c u r r e n t  i n t e r e s t .  The 
CM cone i s  approximated  b y  a 8-s ided r i g h t  r e c t a n g u l a r  pyramid 
w i t h  i t s  a x i s  and apex p o i n t e d  a t  t h e  s u n .  A 8-s ided p o l y g o n a l  

*Low n o d a l  r e g r e s s i o n  r a t e s  r e s u l t  i n  t h i s  model b e i n g  
approx ima te ly  c o r r e c t  f o r  a s i n g l e  o r b i t a l  p e r i o d .  
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c y l i n d e r  h a v i n g  the  same a x i s  and  e x t e n d i n g  from t h e  p y r a m i d ' s  
base i s  used  f o r  t h e  SM m o d e l .  The program was used  t o  d e t e r -  
mine t h e  a v e r a g e  f l u x  on the  cone and c y l i n d e r  l a t e r a l  s u r f a c e s  
and t h e  c y l i n d e r  end away f r o m  t h e  s u n .  The e f f e c t  o f  any shad- 
i n g  by s o l a r  a r r a y s  or t h e  SPS n o z z l e  was n o t  i n c l u d e d  

Sun a n g l e s  o f  51" and 7 3 O  were c o n s i d e r e d  w i t h  t h e  
v e h i c l e  i n  a 230 N M  c i r c u l a r  e a r t h  o r b i t .  The program cod ing  
form f o r  t h i s  problem i s  shown i n  Appendix I V .  The a v e r a g e  f l u x  
i n c i d e n t  upon t h e  t o t a l  s u r f a c e  was de te rmined  from 

where Q are  t h e  r e s p e c t i v e  a v e r a g e  f l u x e s  imp ing ing  on 
t h e  c y l i n d e r ,  cone ,  and c y l i n d e r  end .  L and R are t h e  c y l i n d e r  
l e n g t h  and r a d i u s .  4 i s  t h e  cone h a l f  a n g l e .  F i g u r e  6 shows 

measured from t h e  o r b i t a l  noon p o s i t i o n .  The  n u m e r i c a l  c a l c u l a -  
t i o n s  show that  t h e  ave raged  I R  f l u x  i n c i d e n t  upon any s i m p l e "  
s p a c e c r a f t  geometry i s  e s s e n t i a l l y  independen t  o f  o r i e n t a t i o n  and 
dependent  o n l y  upon a l t i t u d e .  The r e a s o n  f o r  t h e  d i f f e r e n t  av- 
e r a g e d  I R  f l u x e s  f o r  t h e  GG and POP o r i e n t a t i o n s  shown i n  T a b l e  
I1 i s  t h a t  t h e  c y l i n d e r  ends were not i n c l u d e d .  I n c l u s i o n  o f  
b o t h  ends  r e s u l t s  i n  an averaged  I R  f l u x  o f  a p p r o x i m a t e l y  23 
3 t u / h r - f t 2  f o r  b o t h  o r b i t a l  o r i e n t a t i o n s .  

C Y  , c o , e  

fhn a l b e d o  and IR ave rage  'lu;.~es 2s f u n c t i c ; n s  of tl:c ~ i - ~ g l e  

Appendix V d i s c u s s e s  thermal f l u x e s  on a s p h e r i c a l  
s u r f a c e  and a s p h e r e  approx ima t ion .  

Mr. J .  T .  Sk ladany ,  Aerospace Eng inee r  a t  t h e  
Thermophysics Branch ,  NASA Goddard Space F l i g h t  C e n t e r  deve loped  
and p r o v i d e d  t h e  two d e s c r i b e d  programs.  H e  a l s o  gave many h o u r s  
o f  a d v i c e  p e r t a i n i n g  t o  t h e i r  u s e  and s p a c e c r a f t  t h e r m a l  problems 
i n  g e n e r a l .  H i s  a s s i s t a n c e  i s  g r e a t l y  a p p r e c i a t e d .  Mr. C .  0 .  Guf fee  
and Mrs. Barbara Lab were r e s p o n s i b l e  f o r  a d a p t i n g  t h e  programs 
f o r  u s e  on t h e  Bellcomm computer.  

1022-JWP-b j w  

At tachments  
T a b l e  I1 
Appendices I - V  
F i g u r e s  1-7 
R e  f e r e n  ce s 

'-piid* Fiz 
J .  W .  Powers 

* C y l i n d e r s ,  cones and p o l y h e d r a  w i t h  c e r t a i n  combina t ions  
t h a t  are f i g u r e s  of r e v o l u t i o n  w i t h o u t  d i r e c t  shadowing.  
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APPENDIX I 

SKEW PANEL ANALYSIS 

Cons ide r  a h i n g e d  p a n e l  s y s t e m  w i t h  two-degree o f  
f reedom r o t a t i o n a l  c a p a b i l i t y .  L e t  t h e  p a n e l  c o o r d i n a t e s  b e  
X , Y , Z  r e l a t i v e  t o  t h e  h i n g e  c o o r d i n a t e  s y s t e m  and  t h e  coor -  
d i n a t e s  o f  t h e  h i n g e  b e  X h y Y h y Z h  i n  t h e  s p a c e c r a f t  c o o r d i n a t e  
sys t em X , Y  , Z  . L e t  t h e  r e s p e c t i v e  a x e s  o f  t h e  X,Y,Z and 
X , Y  , Z  c o o r d i n a t e  sys tems b e  p a r a l l e l  and have t h e  same 
p o s i t i v e  d i r e c t i o n s .  

I ? ?  

1 1 1  

A p o s i t i v e  r o t a t i o n  0 abou t  t h e  Z - a x i s  f o l l o w e d  b y  
a p o s i t i v e  r o t a t i o n  + abou t  t h e  now r o t a t e d  Y-axis may b e  
w r i t t e n  i n  t e rms  o f  a t r a n s f o r m a t i o n  m a t r i x .  T h i s  m a t r i x ,  
which r e l a t e s  t h e  o r i g i n a l  p a n e l  c o o r d i n a t e  s y s t e m  t o  t h e  
r o t a t e d  c o o r d i n a t e  sys t em X o , Y o , Z o  i s  

The r o t a t e d  p a n e l  sys t em i s  r e l a t e d  t o  t h e  S p a c e c r a f t  
c o o r d i n a t e  sys t em by t h e  c o o r d i n a t e s  o f  t h e  h i n g e  a x i s  

? 

Y = Yh - s e x  + ceY 

These c o o r d i n a t e s  may now be  used  i n  (1). T h i s  
t r a n s f o r m a t i o n  a l l o w s  a skewed p a n e l  t o  b e  c o n s i d e r e d  i f  t h e  
b e f o r e  r o t a t i o n  v e r t e x  c o o r d i n a t e s  and r o t a t i o n a l  a n g l e ( s )  are 
known. 

J u d i c i o u s  s e l e c t i o n  o f  t h e  s p a c e c r a f t  a x i s  r e l a t i v e  
t o  t h e  h inge  a x i s  can r educe  two o f  t h e  t h r e e  h i n g e  c o o r d i n a t e s  
t o  z e r o  and t h u s  r educe  computa t ion  t i m e .  



A P P E N D I X  I1 

DETERMINATION OF PROGRAM SOLAR VECTOR ANGLES I N  TERMS OF 

GENERAL ORBITAL PARAMETERS 

An o r b i t a l  c o o r d i n a t e  s y s t e m  i s  d e f i n e d  w i t h  t h e  
X-Y p l a n e  i n  t h e  o r b i t a l  p l a n e  and t h e  X - d i r e c t i o n  p o i n t i n g  
toward  t h e  p e r i g e e .  The Y - d i r e c t i o n  c o i n c i d e s  w i t h  t h e  
r a d i u s  v e c t o r  a f t e r  90° o f  a n g u l a r  t r a v e l .  The m a t r i x  which 
t r a n s f o r m s  t h e  o r b i t a l  c o o r d i n a t e  s y s t e m  X , Y , Z  t o  an  equa to -  
r i a l  c o o r d i n a t e  s y s t e m  X ,Y ,Z i s  g i v e n  i n  Refe rence  ( 3 ) "  

? I ?  

cslcw -CRSw 

sficw -ssisw 
-cf is i  

+cRcicw 

where 

i = i n c l i n a t i o n  ang le  between o r b i t a l  and e q u a t o r i a l  
p l a n e s  

w = argument o f  p e r i g e e  

R = l o n g i t u d e  o f  a s c e n d i n g  node 

The e q u a t o r i a l  c o o r d i n a t e  s y s t e m  can b e  t r a n s f o r m e d  i n t o  an 
i n e r t i a l  s y s t e m  X , Y , Z by a s u i t a b l e  r o t a t i o n .  Cons ide r  
t h e  X - a x i s  c o i n c i d e n t  w i t h  t h e  v e r n a l  equ inox  and r o t a t e  t h e  

e q u a t o r i a l  c o o r d i n a t e  system a p o s i t i v e  a n g l e  e abou t  t h e  X 
a x i s  ( e  i s  t h e  f i x e d  a n g l e  between t h e  e q u a t o r i a l  and e c l i p t i c  
p l a n e s ) .  Af te r  t h i s  t r a n s f o r m a t i o n  t h e  YLaxis i s  p o i n t i n g  i n  
t h e  d i r e c t i o n  o f  w i n t e r  s o l s t i c e .  

? ?  1 1  I ?  

? 

1 

*The minus s i g n  i n  t h e  a21 t e rm o f  t h e  c o r r e s p o n d i n g  
e q u a t i o n  i n  Reference  ( 3 )  i s  i n c o r r e c t  and s h o u l d  b e  p o s i t i v e  
as shown above .  V e r i f i c a t i o n  o f  t h e  m a t r i x  may be o b t a i n e d  b y  
p e r f o r m i n g  n e g a t i v e  r o t a t i o n s  w , i ,  and R abou t  t h e  Z , X ,  and 
Z a x e s .  
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The t r a n s f o r m a t i o n  m a t r i x  o f  t he  o r b i t a l  c o o r d i n a t e  sys t em 
to t h e  i n e r t i a l  c o o r d i n a t e  sys t em i s  

- 
11 a 12 a I 

-cesnsw 
t c e c n c i c w  

+ses i cw 

I - c e c n s i  

t s e c i  I 
cesncw 

t cecnc i sw  
tsesisw I 

1 -- 
I 

1 s e c n s i  -sesRcw I sesnsw 

t c e c i  I 
-secacisw i -secncicw 

t c e s i s w  I t c e s i c w  - 

cfr , (11-2) 

The all,  a 
terms o f  (11-1). 

and a te rms  a r e  e q u a l  to t h e  c o r r e s p o n d i n g  
12 1 3  

I f  a i s  the  ang le  between t h e  u n i t  s o l a r  v e c t o r  
- and v e r n a l  e q u i n o x ,  t h e  u n i t  s o l a r  v e c t o r  i s  s o  = c a i "  + SCXT 

where i" and pT are  e c l i p t i c  p l a n e  u n i t  v e c t o r s  i n  t h e  X" and 
Y " d i r e c t i o n s .  The v e c t o r  d o t  p r o d u c t  o f  so and t h e  u n i t  normal  
t o  t h e  o r b i t a l  p l a n e  i s  

where k i s  t h e  u n i t  v e c t o r  i n  t h e  Z - d i r e c t i o n  whose components 
are o b t a i n e d  from t h e  t r a n s p o s e  o f  (11-2). B is t h e  a n g l e  
between t h e  s o l a r  v e c t o r  and o r b i t a l  p l a n e .  Af t e r  
s imp 1 i f i c a t  i o n  

sB = scr(cecRsi - s e c i ) - c a s n s i  9 

T h i s  e q u a t i o n  i s  g i v e n  w i t h o u t  p r o o f  w i t h  s l i g h t l y  d i f f e r e n t  
n o t a t i o n  i n  -Refe rence  ( 4 )  i 

If A i s  t h e  ang le  between t h e  s p a c e c r a f t  X-axis and 
t h e  solar v e c t o r  

cA = sXcv (11-4) 

where X and v are t h e  s o l a r  v e c t o r  a n g l e s  used  i n  t h e  program. 
S i n c e  t h e  X-Y p l a n e  i s  t h e  o r b i t a l  p l a n e  

A t - B = 90' J (11-5) 



- 1 1 3 -  

The e q u a t i o n  o f  t h e  u n i t  v e c t o r  a l o n g  t h e  s p a c e c r a f t  X-axis 
i s  de te rmined  from the t r a n s p o s e  o f  ( 1 1 - 2 )  

Taking  t h e  d o t  p r o d u c t  o f  t h e  u n i t  v e c t o r  1 and t h e  u n i t  
v e c t o r  3 . 

s o l a r  

0 
- -  

21SU cA = i . S  = allca + a 
0 

+sa[ce(sRcw + cRcisw) + s e s i s w ]  

F o r  a s p e c i f i c  s e t  o f  o r b i t a l  p a r a m e t e r s ,  cA and sB can  b e  
c a l c u l a t e d . "  T h e  s o l a r  v e c t o r  a n g l e s  A and v may t h e n  be  
de t e rmined  from (11-5) and (11-4). T h i s  s o l u t i o n  will be  
for per igee  c o n d i t i o n s .  The f l u x  n r o y r a m  d e t e r m l n P 5  n + h e r  
a n g u l a r  posi t ions from t h e  i n p u t  dz t a .  LK, a n  o r b i t a l  i n -  
crement  v a r i a b l e ,  can  be s e l e c t e d  t o  g i v e  t h e  d e s i r e d  i n -  
o r b i t  l o c a t i o n s .  
for o t h e r  t h a n  p e r i g e e  c o n d i t i o n s  must c o n s i d e r  a n o t h e r  
a n g l e .  If f i s  t h e  s p a c e c r a f t  i n - o r b i t  a n g u l a r  p o s i t i o n  
measured from t h e  p e r i g e e  p o s i t i o n ,  t h e  column v e c t o r  ( X , Y , Z )  
i n  (11-2) i s  r e p l a c e d  b y  ( r e f ,  r s f ,  Z). r i s  t h e  r a d i u s  
v e c t o r  t o  t h e  o r b i t a l  p o s i t i o n  de te rmined  b y  t h e  a n g l e  f ( t r u e  
anomaly) .  

I n  t h e  shadow program, a n g u l a r  p o s l t i o n s  

T h i s  a n a l y s i s  can  b e  f u r t h e r  ex tended  t o  i n c l u d e  t h e  
v a r i a b l e s  of t ime of  d a y  and t ime  o f  y e a r  o f  l aunch .  

* C o n s i d e r a t i o n  must be g i v e n  to double  va lued  
t r i g o n o m e t r i c  f u n c t i o n s .  
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SHADING PROGRAM 

I N P U T  DEFINITIONS 

Card 1 TITLE 

Card 2 

Card 3 

P l a n e s  

Card 1 

Card 2 

Card 3 to N 

C y l i n d e r s  

Card 1 

Card 2 

Card 3 

Cones 

Number o f  F i F . :  
o u t p u t  form ( I W R )  Format ( 3 1 6 )  

Number o f  shaded  F i g . :  

I W R  = 0 ,  f u l l  p r i n t o u t  o f  ( X Y Z )  and 
I 1 1  

( X  Y Z ) c o o r d i n a t e s  

I N R  = -1, no p r i n t o u t  o f  pr ime c o o r d i n a t e s  

I W R  = 1, no p r i n t o u t  o f  any c o o r d i n a t e s  

S u r f a c e  Geometry Data 

PgLYGN NAME Format (2A6) 

Number o f  v e r t i c e s  Format ( 1 6 )  

X Y Z  c o o r d i n a t e s  of a l l  v e r t i c e s  
i n  e i t h e r  c lockwise  or c o u n t e r -  
c l o c k  wise o r d e r  Format ( 6 ~ 1 2 . 2 )  

C Y L I N D  IJAME Format (2A6) 

X Y Z  c o o r d i n a t e s  o f  c e n t e r s  
o f  upper  and lower  b a s e s  Format ( 6 ~ 1 2 . 2  1 

Radius Format ( F 1 2 . 2 )  

Card 1 

Card 2 

Card 3 

C@NE NAME Format (2A6) 

X Y Z  c o o r d i n a t e s  o f  c e n t e r s  o f  
u p p e r  and lower  b a s e s  Format ( 6 ~ 1 2 . 2 )  

R a d i i  o f  uppe r  and lower  
b a s e s  Format (2F12.2 ) 
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S p h e r e s  

Card 1 

Card 2 

Disks  -~ 

Card 1 

SPHERE NAME Format C2A6) 

XYZ c o o r d i n a t e s  of c e n t e r :  
Radius  Format (4F12 .2 )  

DISK NAME Format (2A6)  

Card 2 and 3 X Y Z  c o o r d i n a t e s  of c e n t e r :  
c o o r d i n a t e s  o f  major  a x i s :  
c o o r d i n a t e s  o f  minor  a x i s  Format (6F12.2)  

I f  s h a d i n g  data  i s  not d e s i r e d  f o r  a l l  s u r f a c e s  
( f i r s t  two numbers on second c a r d  a re  n o t  e q u a l ) ,  r e a d  i n  
names of  s u r f a c e s  whose shad ing  i s  d e s i r e d ;  otherwise oiiiit 

t h e s e  c a r d s  Format (12~6) 
Last Card S o l a r  a n g l e s  v : X  Format (2F12.2) 

S o l a r  v e c t o r  i s  from X , Y , Z  c o o r d i n a t e  
system t o  sun  - 

F o r  O t h e r  S o l a r  Angles 

Card 1 

Card 2 

Card 3 

TITLE 

0 : number o f  shaded  F i g :  I W R  

Names of shaded  s u r f a c e s  i f  s h a d i n g  
o f  all s u r f a c e s  i s  n o t  d e s i r e d  

Card 3 o r  4 N e w  s o l a r  a n g l e s  v : A  

The i n c l u d e d  coding form g i v e s  i n p u t  d a t a  fo rma t  
f o r  t h e  sample problem. 
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APPENDIX I V  

THERMAL FLUX PROGRAM 

I n p u t  D e f i n i t i o n s  

Card 1 

NPLN - P l a n e t  No.; O ( e a r t h ) ;  l ( m o o n ) ;  2 (any  o t h e r )  

NN@R - Number o f  s u r f a c e s  t o  b e  e v a l u a t e d  r e q u i r i n g  
same i n f o r m a t i o n  from c a r d  1 

LK - Angular  i n c r e m e n t s  i n  o r b i t a l  p l a n e  ( e v e n  
number >O) 

PKF - F e r l g e e  a l t i t u d e  ( s t a t u t e  m i l e s )  

- C r b i t  e cce j - l t l , i c i t y  i O < E < l  j - E 

I f  NFLN = 2 ,  t h e  following p l a n e t  c o n s t a n t s  
must b e  i n p u t .  Q u a n t i t i e s  i n  p a r e n t h e s i s  a r e  programed 
c o n s t a n t s  f o r  e a r t h  and moon. 

FLKRE - Radius ( s t a t u t e  m i l e s )  (3960,10861 

TMAX - Maximum t e m p e r a t u r e  ( O R )  (450 ,673)  

T M I N  - Minimum t e m p e r a t u r e  ( O R )  ( 450 ,222)  

SMA - Albedo 

(440 ,440)  SKS 

CON - G r a v i t a t i o n a l  c o n s t a n t  

- S o l a r  c o n s t a n t  ( B t u / h r - f t  2 ) 

( f t  ' /see2/ ( l . 4 0 8 ~ 1 0 ~ ~ , 1 . 7 3 1 ~ 1 0 ~ ~ )  

Card 2 

K D  - No. o f  i nc remen t s  a round s p i n  a x i s  ( e v e n  no .  >O). 
For  no s p i n  use  0 

KDK - No. of  i nc remen t s  ( l a t i t u d e )  u sed  i n  e a r t h  cap  

MK - No. o f  increments  ( l o n g i t u d e )  u sed  i n  e a r t h  cap  

I R L K  - Blockage t a b l e ;  O(no b l o c k a g e ) ;  l ( b 1 o c k a g e  t a b l e  

NED - S u r f a c e  o r i e n t a t i o n ;  O ( i n e r t i a 1 ) ;  l ( p 1 a n e t )  

n u m e r i c a l  i n t e g r a t i o n  (16 used  i n  sample p rob lems)  

n u m e r i c a l  i n t e g r a t i o n  ( 3 2  used  i n  sample p rob lems)  

must b e  i n p u t ) ,  See c a r d  3 
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XNU - Angle between X-axis and s o l a r  v e c t o r ' s  
p r o j e c t i o n  i n  X-Y p l a n e  (O< XNU ~ 3 6 0 )  

XLAM - Angle between Z-axis and s o l a r  v e c t o r  
(O< XLAM <180) 

- - 

- - 
BETA - Angle between XTP-axis and s u r f a c e  n o r m a l ' s  

p r o j e c t i o n  i n  XTP-YTP p l a n e  (O< BETA <360°)  - - 

GAM - Angle between ZTP-ax i s  and s u r f a c e  normal  
0- < GAM 21.80) 

DELTA - Angle between X-axis and ZTP-axis 's  p r o j e c t i o n  
i n  X-Y p l a n e .  ( 0 5  DELTA <360) - 

AMU - Angle b e t w e e n  Z-axis and ZTP-axis (O< AMU ~180) 

DELX - Angle between X-axis and ZTP-axis ' s  p r o j e c t i o n  

AMUX - Angle between Z-axis and X T P - a x i s  ( O <  AMUX < 1 8 0 ° )  

- - 

i n  X-Y p l a n e  (0.: DEL): ~360) 

i n p u t  only i f  AMU = 90' or 270' 

- - 

- - 

Card 3 ,  e t c .  

Blockage T a b l e ,  i n p u t  only i f  IBLK = 1 

NNU - No. Z N U  a n g l e s  i n p u t  

NLAM - No. ZLAM a n g l e s  i n p u t  

Z N U  - Angle between XTP-axis and s o l a r  v e c t o r ' s  
p r o j e c t i o n  on XTP-YTP p l a n e  ( O <  Z N U  <360)  

ZLAM - Angle between ZTP-axis and s o l a r  v e c t o r  
(02 ZLAM 4 8 0 )  

- - 

- 

B L ( 1 , J )  - Blockage f a c t o r s ,  I = 1, NNU and J = 1, NLAM 

The i n c l u d e d  cod ing  forms show t h e  i n p u t  d a t a  format  
for a g e n e r a l  problem and the rma l  f l u x  problem 111. 
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APPENDIX V 

THERMAL FLUXES I N C I D E N T  U P O N  A SPHERE AND A SPHERE A P P R O X I M A T I O N  

Approximation technliques f o r  c y l i n d r i c a l  and c o n i c a l  
s u r f a c e s  used  w i t h  t h e  T h e r m a l  Flux Program were d i s c u s s e d  
p r e v i o u s l y .  T h i s  appendix  c o n s i d e r s  t h e  t h r e e  t h e r m a l  f l u x e s  
i n c i d e n t  upon a s p h e r e  i n  a c i r c u l a r  e a r t h  o r b i t .  

From e lemen ta ry  c o n s i d e r a t i o n s  t h e  d i r e c t  s o l a r  f l u x ,  
a t  1 A . U .  i s  QS' 

With  a more i n v o l v e d  a n a l y s t s ,  t h e  e a r t h  e m i t t e d  I R  r a d i a t i o n ,  
' I R '  f rom Refe rence  5 i s  

' IR R + h  

where : 

a = e a r t h ' s  average  a l b e d o  

h = s p h e r e ' s  a l t i t u d e  

r = s p h e r e ' s  r a d i u s  

R = ea r th ' s  radius 

S = s o l a r  c o n s t a n t  

A n a l y s i s  f o r  t h e  e a r t h  r e f l e c t e d  s o l a r  r a d i a t i o n ,  Q,, i s  v e r y  
i n v o l v e d  because  o f  t h e  e a r t h ' s  shadowed hemisphere and t h e  
a t t e n d a n t  g e o m e t r i c  complex i ty .% The  a n a l y t i c a l  development  and 
c u r v e s  f o r  QA as a f u n c t i o n  o f  a l t i t u d e  and a n g u l a r  p o s i t i o n  
are  g i v e n  i n  Refe rence  6 .  

I n  a n  e f f o r t  to ex tend  t h e  u t i l i t y  o f  t h e  f l u x  program 
t o  a s p h e r e  approx ima t ion ,  t h e  i c o s a h e d r o n  was c o n s i d e r e d .  

*If  an  unshadowed portion o f  t h e  e a r t h  i s  " s e e n "  b y  t h e  
(1-s in0)and  Q A  ; 2 v r 2 S a  (1 - R+h cos e s .  s p h e r e ,  h z m  

Where O s  i s  t h e  a n g l e  between sun  l i n e  and l o c a l  v e r t i c a l .  

R 
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The i c o s a h e d r o n  has been  used  as a s p h e r e  approx-  
i m a t i o n  i n  a p p l i c a t i o n s  r a n g i n g  from c a r t o g r a p h y  t o  s t r u c t u r a l  
d e s i g n .  T h i s  r e g u l a r  s o l i d  has  20  f a c e s  which are congruen t  
e q u i l a t e r a l  t r i a n g l e s .  The c i r c u m s c r i b i n g  s p h e r e  c o n t a i n s  a l l  
1 2  v e r t i c e s .  Any of t h e  S i x  diameters t h r o u g h  two co r re spond-  
i n g  o p p o s i t e  v e r t i c e s  c o n t a i n s  t h e  c i r c u m s c r i b i n g  s p h e r e ' s  
c e n t e r .  R e l a t i v e  t o  any of these  diameters t h e  i c o s a h e d r o n  can  
b e  c o n s i d e r e d  as f o u r  con t iguous  r i g h t  r e c t a n g u l a r  pyramids o f  
f i v e  exposed  f a c e s  e a c h .  The a x e s  of  t h e  f o u r  pyramids are  
c o i n c i d e n t  w i t h  t h e  d i a m e t e r .  V i s u a l i z a t i o n  of  t h e  two o u t s i d e  
pyramids i s  e a s y  s i n c e  t h e  apex v e r t i c e s  are t h e  two diameter 
e n d s .  The t e n  f a c e s  c o n t a i n e d  i n  t h e  c e n t r a l  zone between t h e  
two p a r a l l e l  f i v e - s i d e d  bases of  t h e  end  pyramids may b e  c o n s i d e r -  
ed as p o r t i o n s  of two t r u n c a t e d  py ramids .  The t r u n c a t e d  p o r t i o n s  
o f  e i t h e r  o f  t h e  two c e n t r a l  5-s ided pyramids i s  t h e  o t h e r  pyr- 
amid.  O f  t h e  1 0  f a c e s  i n  t h e  c e n t r a l  zone,  a l t e r n a t e  f a c e s  b e l o n g  
t o  the t w o  c e n t r a l  p o l y g o n s .  

O F i e n t a t i s n  of  t h e  i ~ u s a i i e u r o n  i n  t h e  orbit i s  
accompli3hed b y  p o s i t i o n i n g  a d i a m e t e r  c o i n c i d e n t  w i t h  t h e  
Z - a x i s  ( p e r p e n d i c u l a r  to t h e  o r b i t a l  p l a n e ) .  M a i n t a i n i n g  a base 
edge o f  e i t h e r  o f  t h e  end pyramids p e r p e n d i c u l a r  t o  t h e  X-Z p l a n e  
f i x e s  t h e  s o l i d ' s  c i r c u m f e r e n t i a l  posit ion r e l a t i v e  t o  t h e  Z-axis .  
With t h i s  o r b i t a l  o r i e n t a t i o n ,  t h e  X-Z p l a n e  c o n t a i n s  a normal  
o f  one f a c e  o f  each  o f  t h e  f o u r  c o n s i d e r e d  pyramids .  F i g u r e  7 
shows t h e  s o l i d ' s  c r o s s  s e c t i o n  i n  t h e  X-Z p l a n e  w i t h  t h e  f o u r  
normals  of i n t e r e s t .  I n p u t  of  t h e s e  four normals  and u s e  of t h e  
f l u x  p rogram ' s  s p i n  c a p a b i l i t y  a l l o w s  t h e  thermal  f l u x e s  on t h e  
s o l i d ' s  20 s i d e s  t o  b e  s imply  de te rmined  

Deta i led  a n a l y s i s  not i n c l u d e d  h e r e  shows t h a t  t h e  
t:vo n e c e s s a r y  a n g l e s  shown i n  F i g u r e  7 between t h e  normals  and 
Lhe Z-axis a r e  

] = 37.4" e = COS -Y- 1 
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With t h e  Z-axis s e l e c t e d  as t h e  s p i n  a x i s ,  
6 z  and 6x a r e  i n p u t  as z e r o .  

f a c e s  whose r o t a t i o n  a b o u t  t h e  Z-axis w i l l  y i e l d  p o s i t i o n s  
of t h e  20 f a c e s  are  i n p u t  as f o l l o w s :  

The normals  of  t h e  f o u r  v Z j  

YO Number of S p i n  Inc remen t s  - B O  - Normal 

N1 0 37.4 

N2 0 7 9 . 2  

0 217.4  N3 
N4  0 259.2 

6 

6 

6 

6 

The number o f  s p i n  i n c r e m e n t s  for each  pyramid i s  i n p u t  as s i x  
ra ther  t h a n  f i v e  because  of  the program ' s  i n a b i l i t y  t o  h a n d l e  
an odd number o f  i n c r e m e n t s .  

Averaging t h e  f o u r  py ramid ' s  o r b i t a l  a v e r a g e  a l b e d o  
f l u x  g i v e s  an  approx ima t ion  whose a c c u r a c y  i s  a f u n c t i o n  o f  
a n g u l a r  p o s i t i o n .  For a n g l e s  of g o o ,  4 5 O ,  and 0' between t h e  
s o l a r  v e c t o r  and t h e  l o c a l  v e r t i c a l  r a d i u s  v e c t o r ,  t h e  r e s p e c -  
t i v e  p e r c e n t a g e  e r r o r s  are  +167%, -17%, and - 2 9 % .  I n  a 230 NM 
c i r c u l a r  o r b i t ,  t h e  co r re spond ing  a l b e d o  f l u x e s  from Refe rence  
6 f o r  t h e  90' and 0' l i m i t s  a r e  approx ima te ly  3 . 7  and 1 9 0  
B t u / h r - f t  . The maximum e r r o r  i n c u r r e d  i n  u s i n g  t h i s  approx-  
:.nation t h u s  o c c u r s  a't t h e  lowes t  a l b e d o  f l u x  w i t h  b e s t  a c c u r a c y  
e x p e c t e d  a t  a n g l e s  s l i g h t l y  g r e a t e r  t h a n  45'. I n c r e a s i n g  t h e  
number of s p i n  i n c r e m e n t s  from 6 to 24 y i e l d e d  n e g l i g i b l e  
d i f f e r e n c e s .  

2 
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BELLCOMM, fNC. 

S u b j e c t :  S p a c e c r a f t  Shadowing and Thermal From: J .  W .  Powers 
F l u x  Computer Programs w i t h  
Sample Problems 

D i s t r i b u t i o n  L i s t  

NASA H e a d q u a r t e r s  

Messrs. H .  Cohen/MLR 
P .  E .  Culbertson/MLA 
J. H .  Disher/MLD 
J .  A .  Edwards/MLO 
L .  K .  Fero/MLV 
J. P .  F i e l d ,  Jr./MLP 
T .  A .  Keegan/MA-2 
H .  T .  Luskin/ML 

M .  Savage/MLT 
C .  P .  Mook/RV-l 

Bellcomm 

Messrs. A .  P .  Boysen 
D .  A .  Chisholm 
D .  R .  Hagner 
A .  S .  Haron 
B .  T .  Howard 
J. Z .  Menard 
T .  L .  Powers 
I .  M .  Ross 
J . , A .  Sax ton  
J .  W .  Timko 
R .  L. Wagner 

GSFC 

Messrs  J .  Schach/713 
J .  T.  Skladany/713 

Messrs . W .  0 .  Randolph/R-P&VE-PTE 
C .  C .  WOOd/R-P&VE-PT 

MSC 

Messrs. R .  Dotts/ES-5 

- 

R .  E .  Durkee/ES-5 
R .  L .  Frost /KS 

D i v i s i o n  1 0 1  S u p e r v i s i o n  
Depar tments  2015 ,  2034 S u p e r v i s i o n  
A l l  Members Departments  1021, 1022, 1024 
Depar tment  1 0  2 3 
C e n t r a l  F i l e  
L i b r a r y  


